This paper describes a geo-spatially distributed reference based energy model that is coupled to a reduced-order (efficient) photochemical air quality model. Project LEAQ, the Luxembourg Energy Air Quality Model, is built upon the large-scale systems analytic method, a meta-modelling approach that includes a full geospatial database of energy sources, devices, and their emissions for four broad sectors of the economy: transportation, industrial, residential, and commercial. The energy model is coupled to an air quality transport model, handling nitrous oxides, volatile organic compounds, ozone, particulate matter, carbon dioxides and carbon monoxides. The model assists in choosing lowest cost energy solutions given environmental (air quality) constraints in a spatially distributed map. The application is designed for the Luxembourg context and would later be applied to other European cities and regions. We present the MATLAB R beta-version of the model and describe first results and the development plan and implementation in a proposed European project. We also present the main user functionalities that would assist a researcher in the implementation of the model. We give a first view of the beta-version and its use in modelling Luxembourg's national energy system.
indication as to the importance of this research. As a result, the quality of life and the standards of living in Western Europe have benefited from such efforts [2] .
Both energy use and environmental concerns are two forefront research agendas that are formulated in sustainable growth research (e.g. Adams [3] ); it should be noted that these concerns are essentially "competitive" in nature. The global importance of both disciplines has introduced the need for a coupled modelling approach that will simultaneously address these issues. We also note here that a 'third leg' of the sustainability equation, the social aspect, is not discussed in this paper, but is addressed in many other sources (e.g. Adams [3] , Ott [4] , Söderström et al. [5] ).
From the modeler's point-of-view, sustainability can be viewed in terms of a multi-systems analysis, also known as a meta-modelling approach. We define a meta-model as a model with several components that are interconnected forming a complete model that defines the components of a conceptual idea, process, or system and useful for modelling predefined classes of problems (e.g. Gigch [6] , Söderström et al. [5] ). Metamodel building has become an important activity in interdisciplinary problem solving, and in this paper, we use it to address the diverse modelling field associated with sustainable energy infrastructure growth and its environmental impact.
There is an extensive history of European projects leading up to the present state of environmental and energy related meta-models. Our methodology builds on the past several years of European sustainable urban projects, beginning with the Fifth Framework Programme [7] and the Sixth Framework Programme [8] projects. To begin, several projects in the LUTR (Land use and Transportation Research) cluster addressed core issues and ancillary problems concerning urban sustainability. A planning, evaluation and consultancy strategy was formulated in the EcoCity project where seven model settlements provided a test-bed for techniques and tools in carrying out urban planning. CityFreight explored modifications of motorways and its effect on traffic in and around a major metropolitan centre. The project also performed cost modelling for future freight transportation in a European multimodal network using calibrated origin-destination (O-D) matrices in transportation models. Other FP5 projects have focused on setting up guidelines for optimal integrated transportation and land use strategies. The PROSPECTS project, for example, explored this guideline challenge for urban sustainability. The PROPOLIS project also explored issues of sustainability and urban spatial transportation analysis. Finally, the Sustainable Urban Transportation project (SUTRA) came closest to establishing a meta-model "cascading" methodology where model based quantitative analysis tools were used to construct comprehensive approaches to urban transportation solutions in sustainable cities; overall, the SUTRA project integrated the socio-economic and environmental concepts pertinent to urban transportation planning (Fedra [9] ).
Several FP6 projects continued in the theme of urban sustainability. The project MATISSE proposed a general tool to study Integrated Sustainability Assessment (ISA). TRIAS explored ISA for transport technologies and transport energy supply together with economic, environmental and social impacts. The SENSOR program added a slight twist to the traditional modelling focus; building, validating and implementing Sustainability Impact Assessment Tools (SIAT) using a spatially referenced framework. Finally, a cost assessment program, CASES, explored the external and internal costs of energy production for different energy sources for the EU-25 countries and for some non-EU countries. These costs are projected in energy scenarios to the year 2030. Sustainability is not limited to air quality management in FP6; Urban Water Management, UWM, was explored in the SWITCH project.
What lacks in these previous models, whether it was a FP5 or FP6 project, is the ability to employ a "feedback" mechanism, where the energy infrastructure expansion can be 'predicted' or rather suggested, in accordance with the projected quality of air. Thus, a beckoning need for a coupled energy-environmental model has presented itself where future energy infrastructure planning periods will be guided by the determination of future air quality. The LEAQ model will be built within an overall optimization framework and will fulfill this "feedback" mechanism void in sustainable energy modelling. 
The Luxembourg Energy Air Quality model -LEAQ

The model overview
The two major models in the LEAQ project include an energy model -GEOECU (GEO-spatial Energy CalCulator) and the air quality model, AYLTP (AsYmptotic Level Transport Pollution Model). Both models are used in an optimization framework as characterized in Fig. 1 . Spatial and temporal data are provided as inputs to the GEOECU model, which computes atmospheric emissions of primary pollutants, including spatially distributed VOC, NO X , CO, CO 2 SO 2 and particulate matter (PM2.5 and PM10). The LEAQ model searches for the lowest cost energy solution for a city or region using an economic model with constraints (e.g. demand, operational, technological, seasonal, . . . etc.). GEOECU is based on ETEM (Energy Technology Environment Model), a bottom-up energy reference model that provides a representation of the energy and technology choices that could best deliver the needed energy services in a city or region. The ETEM model and other models of this type (e.g. MARKAL models) aim to supply energy services at minimum global cost and simultaneously calculates optimal equipment investment, operation level and primary energy importation and exportation (Drouet and Thénié [10] ).
GEOECU's emission outputs are subsequently passed to the AYLTP model. In addition to these emissions, AYLTP uses spatio-temporal information, such as meteorological, topographical, and land use information to predict the concentration for the primary pollutants and the secondary pollutant O 3 . AYLTP calculates pollutant concentrations with variable space resolution (100 m × 100 m -1 km × 1 km) and variable temporal resolution (10 min -1 hr).
An optimization routine called ACCPM, the Analytic Centre Cutting Point Method, (Gondzio et al. [11] ) is embedded in an open source wrapper, OBOE, an Oracle Based Optimization Engine supported by the ORDECSYS Company [12] . ACCPM is used to efficiently guide an n-dimensional, discrete or continuous convex problem, or a set of problems to an optimal (either minimal or maximal) solution. In our application, ACCPM checks O 3 concentration levels against upper limits. If the calculated O 3 concentration levels are within bounds, then an update of the precursor maximum bounds, NO X and VOC, are also adjusted in the GEOECU model to reflect this change. If the calculated concentration values of O 3 are not satisfied, a cut is made on the limit of the O 3 precursors. The GEOECU is then rerun using readjusted upper limits of NO X and VOC. The process is repeated until an optimum energy solution satisfying O 3 concentration bounds is obtained.
We model the economic activity for each (hypothetical) economic planning period, i = 1, 
The first constraint Eq. 2 consists of all the technical, operational, seasonal, etc. constraints that are found in the technoeconomic model, the reader is referred to (Carlson et al. [13] ) for more information. The conversion vectors U i convert economic activity to emissions and are constrained against maximum levels, U max . Spatially dependent air quality levels A i,j (U i , s), s ∈ (s 1 , s 2 , s 3 ), the three dimensions of the air shed region, arise from primaries j ∈ J representing NO X and VOC and are also limited by maximum levels, A i,j . The geo-spatial weight criteria G i is constructed by factoring the spatial distribution of population density and air quality levels, so as to limit potential economic growth scenarios in poor air quality regions . Details of this development are given in (Zachary [16] ). Subtleties of the above problem are numerous and too technical to address in this paper. We note one subtlety, the '=' sign in Eq. 3 results from the fact that the technoeconomic model, GEOECU, allows activity to increase so that the optimal solution always results in activity driven emissions that will match the upper bounds.
Eqs. 1-5 are described in GEOECU, while Eqs. 6-7 are described in the air quality model and in an auxiliary routine that combines spatially dependant air quality with population density. The entire objective constraint problem solved by the overseeing ACCPM (OBOE) methodology and tool.
The LEAQ project builds on an earlier prototype [13] coupled model scheme, based on a 'lite' version of the full MARKAL model (Abilock et al. [14] ) and a reduced-order photochemical air quality model (Zachary et al. [15] ). The current project brings in several important technical developments, including geo-spatial modelling of both the AYLTP and GEOECU sub-models (detailed in Zachary [16] ). The AYLTP simulation is improved using a more accurate meteorology package and spatial terrain package. The AYLTP model will also include an augmented species list as mentioned above and a fast turbulence calculator that will complement the topographical input. Likewise, improvements to the energy model and the development of a spatially distributed energy use database for Luxembourg will allow for a detailed technoeconomic analysis of the region. Other new developments in the LEAQ project include a complete open-source version that will be accessible via the web. This version would first be tested in the Luxembourg context and then is expected to be exported for use in the greater Thessaloniki, Greece region. This project is now in review for development as a European LIFE+ project [17] .
A spatial uncertainty analysis is also foreseen in the LEAQ project. Pollutant measurements, as with any measurements, and their simulations are never without uncertainty. A validation campaign posted at several sites in Luxembourg will be critical to test the model against several different weather and air quality episodes. As with all models, the uncertainties from input are propagated throughout the model. An added complexity is created as errors are passed from GEOECU to (not shown) The MATLAB R command window (Input of meta-model commands) and the output data file also used in the β version data analysis. The data file shows the iterative update of the type of cut (feasible, non-feasible), the iterative objective function, the sub-gradient (directionality information), the precursor (NO X and VOC) levels and the O 3 concentration levels. A status window, including the air quality and energy models' basic parameters, the size of the problem, and the current number of optimization iterations is also not shown in the figure.
AYLTP; errors are accumulated in the iterative optimization process as suggested in Fig. 1 . The uncertainty analysis must also be considered in the constraint relations given in Eqs. 2-7. The analysis of spatial uncertainties and the treatment of meta-model error propagation will be explored in a Luxembourg national project (under review) (Zachary and Leopold [18] ).
The LEAQ β version
The working test version or β-version of LEAQ is shown in Figs. 2 and 3 and described in Table 1 . The different parts of the graphical user interface (GUI) are enumerated in the table.
The plenary project foresees the entire model as an open-source, web-based decision tool. The tool will determine a lowest cost energy for the current (hypothetical) 5-year economic planning period (2009-2014) and for subsequent periods (2014-2019), (2019-2024) , . . . etc., for a total of 5 × 6 = 30 years of planning. The user will be able to assess an easy-to-use GUI, and determine air quality for the current energy infrastructure (for various weather episodes) of the region in question and will be able to predict air quality for future energy infrastructures. The air quality assessment can be done for Business as Usual (BaU) scenarios and various energy expansion scenarios. Finally, the model will be employed as an environmental -energy management tool and will assist in searching for environmentally friendly energy scenarios and in the crafting of cost effective national and transnational action plans.
